Dating resolution by using the proposed PSV curve oscillates from approximately ±30 yr to ±200 yr for the period 6000 to 1000 yr BC, reaching similar resolution as radiocarbon dating. Considering the good preservation, age-control and widespread occurrence of burnt archaeological materials across Southern Europe, they represent a new source of data for geomagnetic field modelling, as well as for archaeomagnetic dating.
Introduction
Knowledge of long-term variation of the Earth's magnetic field (palaeosecular variation) is a fo refront research area in Solid Earth Sciences. Determinations of the palaeofield are necessary to ex pand global and regional geomagnetic field models, whose ap plications range from the reconstruction of field geometry to archaeomagnetic dating. Reconstruction of geomagnetic field vari ations prior to instrumental measurements (last few centuries, e.g. Alexandrescu et al., 1997; Jonkers et al., 2003) , has been tradi tionally addressed through the analysis of well-dated magnetised sediments, lavas or archaeological burnt material. Sedimentary se quences provide relatively long and continuous palaeomagnetic records with broad geographical distribution. However, their mag netisation lock-in is delayed, due to the mechanism of remanence acquisition. Moreover, the magnetisation in sedimentary contexts is subjected to several fa ctors that could cause errors in the palaeo magnetic record such as flattening or bioturbation, among others. Consequently, geomagnetic models that incorporate sedimentary data introduce a "smoothing effect" producing low resolution re constructions of geomagnetic field variations (e.g. Donadini et al., 2009; Korte et al., 201 1 ; Pav6n-Carrasco et al., 2010) . In contrast, burnt archaeological materials and lava flows usually carry a stable thermoremanence which gives spot information of the palaeofield and are thus considered the best records of the geomagnetic field.
In order to obtain a detailed picture of the geomagnetic field variation, the classical approach is to develop local palaeosecu lar variation (PSV) curves fr om well-dated, in situ archaeomagnetic materials carrying a thermoremanence. In recent years, new or updated PSV curves have been published in different European regions covering reasonably well the last 2-3 millennia (Gallet et al., 2002; G6mez-Paccard et al., 2006; Herve et al., 2013; Kovacheva et al., 2009; Marton and Ferencz, 2006; Lanos, 2005, 2006; Tema et al., 2006; Tema and Kondopoulou, 201 2; Zananiri et aI., 2007) . In spite of great advances, at present, very few archaeomagnetic directions are available in Europe before the third millennium BC (Fig. lA-B) . No archaeomagnetic informa tion from Western Europe are provided by the global database, with the only exception of a study in the UK carried out dur ing the 1960s (Aitken and Hawley, 1967 ) and one direction from the fourth millennium BC fr om France (Herve et al., 2013) . The only directional data currently available in Europe prior to this age come from Eastern Europe (Aidona and Kondopoulou, 201 2; Burlatskaya et al., 1986; Marton, 2009; Kovacheva et al., 2009) . One of the reasons that explain this lack of data is the unknown of well-dated materials suitable for these chronologies. It is there fore necessary to explore new materials meeting the necessary requirements in order to extend temporally and geographically the existing secular variations records.
We present here the first archaeomagnetic directions obtained from a new geomagnetic field recorder: anthropogenic cave sedi ments. These materials are known in the archaeological literature as fu miers and refer to stratigraphic sequences composed of ash, straw and dung (Brochier, 1 983) . They are produced by the periodic combustion of domestic livestock dung and consist of al ternating burnt dung layers with unburnt dung levels (Fig. 2) . By burning, the caves were cleaned from parasites arising from live stock penning, a common practice that is widely documented in the Mediterranean region since the Neolithic (e.g. Boschian, 1997; Boschian and Montagnari-Ko kelj, 2000; Brochier, 1983; Brochier et aI., 1992; Karkanas, 2006; Macphail et al., 1 997; Straus and Gonzalez Morales, 2012; Verges et al., 2002 Verges et al., , 2008 . These layers have been traditionally studied fr om sedimen tological and archaeobotanical perspectives. However, with the ex ception of our previous works (Carrancho et al., 2009 (Carrancho et al., , 2012 , their suitability as geomagnetic field recorders has not been yet fully explored. The objective of this work is twofold. First, to show the suitability of anthropogenic cave sediments to obtain archaeo magnetic data through a comprehensive palaeomagnetic and rock magnetic study. Second, to design a European PSV curve for the 6000-1000 yr BC time period exclusively based on archaeomag netic data. The results obtained and their potential application to dating (Lanos, 2004; Pav6n-Carrasco et al., 201 1 ) are discussed.
Materials and methods

Description of anthropogenic cave sediments
Anthropogenic cave sediments are known in the French ar chaeological literature as fu miers or "burnt animal dung layers" (English) and are interpreted as a product of pastoral activities (Brochier, 2002) . The main goal of these practices was to disin fest the space and reduce the volume of residues generated by the livestock. The Holocene stratigraphy of these sites exhibits a characteristic succession of burnt levels alternating with other few (or un-)burnt layers, generating sequences of rather variable tex ture and colour ( Fig. 2A-B) . This alternation between combustion episodes and unburnt levels generates fa cies' groups whose tran sition may be gradual or abrupt. As a whole they make up thin fa cies successions of centimetre and even millimetre scale, with sub-horizontal stratification or fo llowing the topography of the substrate. Slightly convex morphologies are occasionally observed probably related to the accumulation of waste to be burned. The dimensions, morphology and thickness of the ashes are somewhat variable, reaching up to 2-3 meters long and several centimetres of thickness. In section, they are occasionally observed as lenses with abrupt and/or wedged-shape contours and in most cases as hori zontal and regular sheets. The presence of archaeological artefacts (generally poor) within these sequences derived from domestic activities (e.g. pottery) suggests that humans lived with the ani mals in the caves, although occupying differentiated areas. Most probably, burning of residuals was carried out at the same place where animals were penned.
In spite of there being no explicit consensus to describe/clas sify these deposits it has been addressed through a facies system relatively uniform among sites. This is logical since the forma tion processes of these anthropogenic sediments are essentially the same and their facies composition is more or less indistinguishable from one site to another (Angelucci et ai., 2009 ). Both in geoar chaeological studies (e.g. Boschian and Montagnari-Kokelj, 2000; Macphail et ai., 1997) as well as in our own observations, several characteristic facies in the burnt levels have been identified which we synthesised as follows: white and/or grey ashes of variable thickness (� 2-10 cm) over thin (�2 cm) subjacent carbonaceous facies of dark colour with organic material (Fig. 2B ).
According to sedimentological studies (Boschian and Montag nari-Kokelj, 2000; Brochier et ai., 1992) and experimental dung burning recreations (Verges, 2011) this facies arrangement corre sponds to a single burning event. The ash thickness essentially depends on the amount of fuel burnt which on the other hand, undergoes a considerable reduction of its initial volume (up to 80%) during combustion (Brochier, 2002; Verges, 2011) . This cer tainly favoured the compaction and reduced the porosity of ashes.
Preservation of these burning events is favoured by the fast sed imentation rates of these deposits, usually of the order of mil limetres per year (Angelucci et ai., 2009) . Each burning event is stratigraphically sealed by the rapid burial of the upper level pre venting alteration. The combustion itself is a preservation factor as it inhibits the breakdown of the mineral fraction present in the or ganic remains (Angelucci et ai., 2009) . Nevertheless, these deposits may be locally affected by diverse syn-and/or post-depositional processes (e.g. bioturbation), some of them visible at the macro scopic scale. Recent studies propose the palaeomagnetic technique as a useful indicator of post -depositional processes (Carrancho et ai., 2012) .
Sites studied
The studied materials correspond to Neolithic, Chalcolithic and Bronze Age burnt levels in "El Mirador" and "El Portal6n" Caves (Sierra de Atapuerca, Burgos, Spain) and "El Mir6n Cave" (Ra males de la Victoria, Cantabria, Spain) (Figs. lA, 2, Supplemen tary Figs. 1-6 and Ta ble 1). Extensive excavations carried out at these sites have exposed stratified deposits rich in archaeological and palaeontological remains of Upper Pleistocene and Holocene age (Carretero et ai., 2008; Straus and Gonzalez Morales, 2012; Verges et ai., 2002 Verges et ai., , 2008 . Specifically, the Holocene series con tain numerous burning events (ash lenses) exposed in various stratigraphic sections. We briefly describe here the most relevant stratigraphic, sedimentological and archaeological aspects of inter est with regard to the three sites studied. Description will only focus on the Holocene stratigraphy where the burning events sam pled are located. A new stratigraphic sequence with Upper Pleistocene and Holocene levels, based on more than thirty radiocarbon dates spanning from 30 000 to 1000 yr BP, has been recently published (Carretero et ai., 2008) (Supplementary Fig. 3 ).
The Holocene infilling contains Mesolithic, Neolithic, Chalcol ithic, Early and Middle Bronze Age, Iron Age, Roman and Medieval occupations (Carretero et ai., 2008) . Its archaeological record con sists mainly of pottery, stone and bone tools, personal ornament items, metallic objects and human, fauna I and archaeobotanic re mains, among others. The site seems to have worked a long time as habitat area, including activities of animal penning at the upper levels as well as sepulchral space at other times. The stratigraphic sequence consists of 11 levels distinguishing two main different units: Pleistocene (level 10) and Holocene (levels 9 to 0). The Holocene unit with a maximum thickness of 630 cm is composed T.J.ble 1
Mean archaeomagnetic directions obtained in the burning events sampled at the three sites (see notes at bottom.) Notes. From left to right: t min , minimum age in ca!. yr BC; t m w:, maximum age in ca!. yr BC; t mean , mean age in ca!. yr BC; N/NI: number of specimens considered for the calculation of the mean direction (N)/number of specimens oriented and analysed from the site (NI); Dee. (declination), Ine. (inclination); k and ct95, precision parameter and confidence limit of ChRNI at the 95% level (after Fi sher, 1953).
of relatively homogeneous sediments and is rich in archaeological remains. Sampled materials correspond to three burning events ex posed in the North and Northeast sections of the Holocene stratig raphy. Their stratigraphic and chronological details are compiled in Table 1 . A total of 67 oriented specimens of ash and carbonaceous samples were collected. Occasionally, mechanical alterations of the sediment induced by bioturbation were identified. However, these are well-located and the preservation state of the burning events can be considered as good.
El Mi ron Cave
El Miron Cave (43°14'48" N, 3°27'05" W; 260 m above sea level) is located in the upper valley of the Ason river (Ramales de la Victoria, Cantabria, Spain). Archaeological excava tions since 1996 have documented a long cultural sequence with levels span ning the late Middle Palaeolithic to the early Bronze Age, including also traces of medieval and modern activities. Currently, the site has 78 radiocarbon dates ranging fr om 41 000 BP (uncal.) to AD 1400 (Straus and Gonzalez Morales, 2003 , 2010 .
The excava tions have fo cused on two areas of around 9 m 2 in the vestibule of the cave: Outer Vestibule (OV -Cabin Area) and another at the rear (Vestibule rear, VR -Corral), connected by a 9 x 1 m trench (Mid-Vestibule, MV; Supplementary Fig. 4 ). A 3 m 2 test pit was also dug in the Vestibule rear, at the foot of an alluvial ramp leading to the inner part of the cavity. To gether with Late Mousterian, Gravettian, Solutrean, Magdalenian, Azilian, Mesolithic, Neolithic, Chalcolithic and Bronze Age visits or occupations have been documented. Stratigraphic, sedimentologi cal and chronological details of El Miron have extensively reported elsewhere (Courty and Vallverdu, 2001 ; Cuenca-Bescos et aI., 2008; Straus et al., 2001 ; Straus and Gonzalez Morales, 2003 , 201 0, 2012 , to which we refer for details of the Pleistocene succession. The burning events sampled correspond to the Neolithic, Chalcol ithic and Bronze Age levels and were identified in the Cabin Area (OV; Supplementary Fig. 5 ) and in the adjacent Trench (MV; Sup plementary Fig. 6 ). Neolithic occupations were identified in the OV (Cabin, levels 8-10) and in the West section of the adjacent Trench (MV, levels 303-303.3). The Neolithic levels of the Trench mainly consist of a series of well-defined burnt levels with pot tery, lithic and domesticated animal remains (mainly sheep/goat). In level 303.3, an individual charred grain of wheat (Triticum dic caeum) was dated to 5500 BP (�4400 ca!. BC), providing the old est direct evidence of agriculture in the Cantabrian region (Pefia Chocarro et al., 2005) . The Mid-Vestibule Trench levels 303-303.3 physically correlate with OV levels 10-8, dated between 4600 and 3500 cal. BC (Straus and Gonzalez Morales, 2003) .
The Chalcolithic levels (7-4) in the OV consist of a massive suc cession of ash and charcoal lenses. The Chalcolithic attribution is based on the available dates and by the typology of artefacts (in cluding characteristic arrowheads), with an age of around 2500 cal. BC (Straus and Gonzalez Morales, 2003) . OV levels 2 and 3 corre spond to Bronze Age with an estimated age of around 2100 cal. BC (Straus and Gonzal ez Morales, 2003) . They contain pottery frag ments, domesticated animal remains (especially cattle), a copper pin and evi dences of in situ burning related with metallurgical ac tivities. A total of 191 oriented burnt samples from 15 burning fe atures were collected at the site. Details about their stratigraphic provenance, corresponding archaeological unit and ages considered are compiled in Table 1 .
Sampling
Due to their non-consolidated nature, these materials could not be sampled with standard archaeomagnetic techniques so we de veloped an alternative sampling technique. The device consists of a non-ferromagnetic metal tube incorporating a built-in orientating system which allows a precise geographical orientation of the sam ples ( Supplementary Fig. 7 ). The device is carefully inserted in ver tical stratigraphic sections where the burning events are exposed. The samples are subsequently saved in cylindrical plastic boxes (3.6 cm 3 ) for alternating field (AF) demagnetisation and stored at low temperatures (3-4 0c) until measurement to avoid chemical al terations. Similarly, representative samples for each fire were intro duced by the same means into home-made plaster cubes designed for thermal demagnetisation of the natural remanent magnetisa tion (NRM). The plaster cubes contain a cylindrical hole with the same dimensions and volume than the plastic capsules in order to keep motionless the sample (Carrancho, 2010) . Afterwards, in the lab they were properly sealed and consolidated to carry out thermal demagnetisation. The consolidation was only performed on samples collected for thermal demagnetisation which were im pregnated during some days in ethyl-silicate (commercial name Silbond 40) and left to dry during 3-4 weeks. The NRM of the cubes was around two orders of magnitude lesser than the sam ple's magnetisation. 662 oriented specimens corresponding to 39 burning events (ash-carbonaceous couplets) from the three sites with an average of 16 samples per fire were collected (Table 1 ) .
Age of the materials
The ages of the investigated structures range from 5500 to 2000 yr ca!. BC, but are mostly comprised between 5500 and 4000 BC (Table 1 ) . They have been determined through radiocarbon dates on fragments of charcoal, charred seed, animal bone (one sam ple fr om Portal6n Cave), tooth or organic sediment (Accelerator Mass Spectrometry -AMS, conventional or extended count). Sam ples fr om "El Mirador" and "El Portal6n" Caves were analysed at Beta Analytic Ine. Laboratory (Florida, USA) and those from "El Mir6n Cave" by Geochron Laboratories (Massachusetts, USA). Ages are expressed in years BC, at a ±20 and were calculated using Calib 6.0 based on Reimer et a!. (2009) (Table 1 ) . Overall, stan dard deviations are mostly < 50 yr at a 20 range which is very acceptable. Only some dates fr om El Mir6n cave -associated to conventional or extended count radiocarbon dating -show larger standard deviations but coherent with ages fr om the same strati graphic unit. Therefore, chronological adscription is highly reliable. For the three sites, we considered as chronological criteria the minimum and maximum calibrated radiocarbon ages of the upper and lower stratigraphic level, respectively.
According to this criterion, several burning events sampled within the same archaeological unit share a maximum and min imum age interval (Ta ble 1 ). This is the case of various structures sampled between units 303.3 and 303 at "El Mir6n Cave" and in units MIR9, 12, 15, 16 and 22 at "El Mirador Cave". Two burn ing events in "Portal6n Cave" (P1 and P2) correspond to the same archaeological unit. However, their stratigraphic location and the many dates available enable us to constrain well their age. Fortu nately, both at "El Mirador" and "El Mir6n", the lateral continuity of some fa cies allow establishing stratigraphic correlations/differ entiations among the different burning events. Specifically at "El Mir6n", the six datings corresponding to the early Neolithic levels (303.3-303/10; Table 1 ), suggest a fast sedimentation (Straus and Gonzalez Morales, 2007) , probably in not more than 500 yr.
Palaeomagnetic and rock-magnetic methods
Palaeomagnetic and rock-magnetic analyses were carried out at the Laboratory of Palaeomagnetism of Burgos University (Spain). Magnetic remanence measurements were made with a three-axis 2G SQUID cryogenic magnetometer (noise level " -'5 x 10 -12 Am 2 ). The NRM stability was analysed both by progressive alternating field (AF) and thermal demagnetisation. Stepwise progressive AF demagnetisation was done in 15-17 steps up to 100-120 mT. Thermal demagnetisation was carried out in 16 heating steps up to 680°C using a TD48-SC (ASC) thermal demagnetiser. Low-field magnetic susceptibility was measured initially and after each heat ing step with a KLY-4 Kappabridge (AGICO, noise level 3 x 10 -8 S.I.) to monitor magneto-chemical alterations. Characteristic Rema nent Magnetisation (ChRM) directions were calculated by linear regression of the component that linearly converges towa rds the origin over five demagnetisation steps. Mean directions and asso ciated statistical parameters were calculated using Fisher's (1953) statistics.
In order to fu rther study the magnetic properties of these ma terials, representative ash and carbonaceous samples fr om all sites were selected to carry out a fu ll set of rock-magnetic exp eriments. With the aid of a Variable Field Translation Balance (MM_VFTB) we measured: progressive isothermal remanent magnetisation (IRM) acquisition curves, hysteresis loops (± 1 T), backfield curves and thermomagnetic curves up to 700 °C in air. Representative ash and carbonaceous samples from "El Mirador Cave" were also selected to carry out thermal demagnetisation of the IRM in three orthogo nal axes fo llowing Lowrie's (1 990) method. The applied fields were 2 T, 0.4 T and 0.12 T for Z, X and Y axes, respectively. Thermal de magnetisation was carried out in 16 temperature steps distributed between room temperature and 680°C.
Results
Stability of NRM and quality selection criteria
The natural remanent magnetisation (NRM) both of ashes and carbonaceous fa cies exh ibits two distinctive but reproducible be haviours in the three sites. All samples from both fa cies show a secondary viscous component easily removable in the first steps of the magnetic cleaning « 10-15 mT or < 150-200°C; Figs. 3 and 4) , being particularly significant in the carbonaceous. The ashes mostly display a well-defined and stable normal po larity magnetic component which decays univectorially towards the origin, being of high intensity and almost demagnetised at 80-100 mT (Fig. 3A-C) . Ashes thermally demagnetised define their characteristic remanent magnetisation (ChRM) between 250°C and 580-600°C (Fig. 3D-E) . The carbonaceous samples AF demag netised show in most cases a single normal polarity magnetic component (Fig. 40 and F) . Occasionally, however, several compo nents partially overlapping can be distinguished (Fig. 4A and B) . By thermal demagnetisation it is revealed the presence of partial ther moremanences (p-TRM) in this fa cies with maximum unblocking temperatures (Tub) in the range of 3S0-4S0°C (Fig. 4C, E and G) . This component was considered as the ChRM direction defined be tween 200 and 350-450°C. In these samples, a high-temperature (400-600°C) component is observed as insets of Fig. 4E and G il lustrate. It is interesting to note that mean directions both of ashes and carbonaceous samples calculated separately in each burn ing event are coincident. This reinforces the idea that both fa cies recorded fa ithfully the geomagnetic field direction at the time of burning.
In contrast to the good palaeomagnetic properties of most in vestigated structures, some showed anomalous behaviour which is related to mechanical alterations. As we initially did not know the magnetic behaviour of these burning events, our field-work strategy comprised the sampling of every burnt structure or that at least might show signs of have been heated regardless of its thickness and degree of preservation. Thus, there is a clear corre lation between the quality of the archaeomagnetic data obtained and a good preservation of the structure. In those burning features showing anomalous behaviour (e.g. multicomponent NRM demag netisation diagrams in ashes with anomalous or highly scattered directions), we have fo und to converge a number of evidences common to the three sites indicative of sediment rewo rking. These are ashes mixed with un burnt sediment, occasional absence or dis continuities in the carbonaceous fa des, a small thickness in the ashes and Koenigsberger (Qn) values (Stacey, 1 967) < 1. All these fe atures are indicative of disturbance by mechanical removal of the ashes (e.g. bioturbation) as Carrancho et al. (2012) observed in a previous study at El Mirador Cave. The subsequent movement of the ferromagnetic (s.l.) particles reduces the remanence maintain ing the susceptibility therefore generating low values of the Qn ratio and multicomponent NRM diagrams. Likewise, the partial or total absence of the subjacent carbonaceous substrate as well as irregular geometries in the fa des comprising these burning events are also indicative of mechanical alteration.
We therefore established a set of criteria as a "quality con trol" in order to identify anomalous behaviours and determine the reliability of these structures to obtain archeomagnetic di rections. These are: (i) Presence of all the sedimentary fa des for each burning event (ashes over underlying carbonaceous fa des); (ii) Koenigsberger (Qn) ratio values > than unity indicating a sta ble thermoremanence (TRM) or a partial TRM; (iii) absence of any indication of mechanical alteration in the sediments (e.g. mixed or truncated fa des), and (iv) a majority of demagnetisation diagrams with univectorial NRM among the ashes. After applying the selec tion criteria 13 burning events (6 from El Mirador and 7 fr om El Miron not shown in Table 1 ) were rej ected. 347 samples passed the quality control, from which 26 new archaeomagnetic directions corresponding to 26 burning events were obtained (Table 1 and Fig. 5 ).
Magnetic properties
The magnetic properties results reported here are referred to representative ash and carbonaceous samples fr om all sites. Mag netic properties of fo ur Neolithic burning events fr om "El Mirador Cave" -including their supra -and subjacent unburnt levelswere published elsewhere (Carrancho et al., 2009 ).
IRM acquisition curves and hysteresis cycles
Isothermal remanent magnetisation (IRM) progressive acquisi tion curves (1 T) are almost saturated around 0J 150-200 mT, which indicates remanence is carried by low-coercivity fe rromag netic minerals (Fig. 6A, C and E) . Hysteresis loops of ashes and carbonaceous samples (expressed on a mass-specific basis and corrected by the paramagnetic fr action), are practically closed around ±lS0 mT (Fig. 68, D and F) again indicating the dominant pres ence of low-coercivity minerals. All samples exhibit pseudo-single domain (PSD) hysteresis parameters according to Day et al. (1977) . The main difference between both fa cies is the intensity of mag netisation: notably higher in ashes than carbonaceous samples. Occasionally, however, similar intensity values between both facies can also be observed (e.g. Fig. 6E and F) . This characteristic be haviour is reproducible in all studied samples fr om the three sites. 
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Thermomagnetic curves
Magnetisation variations at temperatures up to 700°C (j-T curves) in representative ash and carbonaceous samples, show that the main magnetic carrier is magnetite or slightly substituted mag netite, with Curie temperatures (Te) around 580°C (Fig. 7A-B and E-I). Occasionally, some ashes show slightly higher Curie tem peratures (e.g. Fig. 7C and D) , which are interpreted as mag netite partially maghaemitised. The inflexion at intermediate Curie temperatures of rv 250-300 °C observed in the heating and cool ing cycl es of some ashes (e.g. Fig. 7E and F) are probably re lated with stable maghaemite or less likely, a strongly isomorphous substituted spinel phase. We have not observed appar ent relation between the colour of ashes and their thermomag netic behaviour. The ashes display a high degree of reversibil ity, which indicates that they underwent high-temperature heat ing. Carbonaceous samples, however, increase considerably the magnetisation on cooling from 580°C, indicating the creation of secondary magnetite (e.g. Fig. 7G-I ). The intensity of mag netisation among samples is variable but the highest values are found in ashes because concentration of fe rromagnetic miner als is higher than in the carbonaceous ones. Both ashes and carbonaceous samples show a distinctive but reproducible be haviour.
Ashes RM11-8 Grey ash (A) 
Discussion
Origin of the NRM in fumiers
In summary, the burnt fa cies studied at the three sites are all dominated by pseudo-single domain (PSO) low-coercivity fer romagnetic minerals (magnetite, slightly substituted magnetite and/or maghaemite). Although magnetite -with a small amount of isomorphous substitution -is dominant, some results suggest the occasional presence of maghaemite. It has been particularly detected in some thermomagnetic curves (e.g. Fig. 70 ) as well as in the thermal demagnetisation diagrams of the NRM with maximum Tub slightly over 600°C (e.g. Fig. 3� ). Our interpre tation about the mechanism of magnetisation implies that those burning events where magnetite was created by burning at high temperatures, recorded the geomagnetic field through the acquisi tion of a thermoremanence (TRM). This magnetite was created by burning under reducing conditions with presence of organic mat ter. The reversibility of the thermomagnetic curves also supports a TRM origin of the magnetisation, but a thermochemical remanent magnetisation (TCRM) cannot be excluded given that stable maghaemite has also occasionally been observed. In such a case palaeointensity determinations would not be valid, although di rectional data would be valid because the burning and oxidation are closely confined in time (Carrancho et al., 2009 ). The high de gree of reversibility of thermomagnetic curves suggests that ashes underwent high heating temperatures ( > 700°C). In contrast, the maximum unblocking temperatures (Tub) of the p-TRMs identi fied in the carbonaceous samples reveal that this fa cies under went lower heating temperatures ranging between 350 and 450°C (Fig. 4G, E) . The irreversibility of their thermomagnetic curves is also an indication of it (Fig. 7G-I ). These observations are not only interesting fr om the archaeomagnetic point of view but also from the archaeological perspective. Overall, these results agree well with those obtained at the Neolithic levels of El Mirador Cave (Carrancho et al., 2009) . A considerable number of specimens had to be rejected because they were affected by mechanical distur bance processes. Therefore it is important to apply the selection criteria proposed here when studying anthropogenic cave sedi ments for archaeomagnetic analysis. 
Fi rst Neolithic directional results fr om We stern Europe
The archaeomagnetic data reported here represent the oldest directional results from burnt archaeological materials throughout all Western Europe. From the 39 sampled structures at the three sites it has been reported 26 well-defined archaeomagnetic di rections: 15 directions were obtained from El Mirador, S from El Mir6n and 3 from El Portal6n (Fig. 5) . Mean directions, statisti cal parameters and their associated age intervals are compiled in Table 1 . Mean directions have been calculated with a minimum of 7 samples, the dispersion parameter (k) is reasonably accept able and in 24 out of 26 data the a 95 is comprised between 3 and 6.90 (Table 1 ) . Data fr om 13 structures (6 fr om El Mirador and 7 from El Mir6n Cave) were rejected because they did not pass the quality criteria described in Section 3.1 . Burning events FUl (Mir12) and FU4 (Mir21) from the West section of El Mirador Cave (Table 1 ) , have the most aberrant directions showing significant di rectional deviation in comparison with coetaneous burning events fr om the East Section. However, no apparent tectonic deformation was observed in the field and they fulfil the quality selection crite ria established in Section 3.1 , so they were not excluded. Although some scatter is observed in the data (Fig. SA) , higher than in common archaeological heated structures (as ceramic kilns), coherence in directional results among sites is also evi denced.
Comparison with global and regional models
The new archaeomagnetic data reported here have been com pared with the two secular variation models available for these ages: the CALS10K.l b global model (Korte et al.. 2011 ) and the Eu ropean regional model SCHA. DIF.SK (Pav6n-Carrasco et al., 2010) . The first one covers the last 10 millennia (SOOO BC-1990 AD) com piling directional and intensity data fr om archaeomagnetic materi als, lava flows and lacustrine sediments studied worldwide. The second model (SCHA.DIF.SK) includes archaeomagnetic and sedi mentary data for the last S millennia exclusively from Europe. Due to the scarcity of archaeomagnetic data both models include mate rials of different origin whose magnetisations are acquired through different mechanisms. That is, both models include sedimentary records that produce the already mentioned "smoothing effect" which should be taken into account when comparing with burnt archaeological material, carrying a TRM acquired in a brief time interval.
The directions reported here -mostly concentrated between rv 5500 and 4000 yr cal. BC -fo llow the general trend predicted by the models but displaying higher variability (Fig. SA) . In par ticular the data comprised between "-' 4200 and 4600 BC, show a clear tendency towards lower inclinations than the synthetic curves. The smoothing effect of the models does not allow a pre cise comparison with the archaeomagnetic data obtained in the anthropogenic cave sequences. This effect is particularly noticeable in Western Europe where only lacustrine records were available for these ages. Low inclinations are also observed for the same time interval in the archaeomagnetic Bulgarian database (Kovacheva et al., 2009) (Fig. SB) . The lower variability in inclination predicted by the models is then attributed to the smoothing effect produced by using sedimentary records in the models construction as in put data. We do not consider that the low inclination values are due to compaction effects, since the observed variations in incli nation are inhomogeneous through time. Moreover, the oldest and stratigraphically deepest data in the studied sequences that theo retically endured higher lithostatic charges should have produced lower inclinations and this is not the case. In fa ct, the oldest data show inclination values substantially higher than those comprised between 4200 and 4600 yr ca!. BC (Fig. 8A) .
First European PSV curve fo r the Neolithic
In order to develop a European PSVC based exclusively on ar chaeomagnetic data, the new data presented here and the Bul garian archaeomagnetic database were relocated to a common in termediated location, i.e. 43° Nf11 ° E, by using the virtual geo magnetic pole method (Noel and Batt, 1 990) . The consistency of this new European archaeomagnetic database allows us to pro pose the first European archaeomagnetic PSVC (Fig. SB) . In or der to obtain the best fitting between the data and the PSVC a bootstrap method was applied (Korte and Constable, 2OOS; Thebault and Gallet, 201 0) using the original values of the database and penalised cubic B-splines in time. The synthetic data for each bootstrap curve were randomly modified by two mathematical distributions: (a) for the directional values, we used a Gaussian random distribution centred in the mean value of the directional data with a standard deviation equal to the directional uncertain ties (a6s), and (b) in time, a homogeneous random distribution was used, with minimum and maximum values given by temporal uncertainties at 1 a. The temporal bases of cubic B-splines were calculated with fixed knot points every 50 years fr om 6000 BC to 1000 BC and regularised by an additional penalty function which controls the trade-off between the input data and roughness of the estimated directional curve. In this case, we have used the second derivative of the fu nction as the penalty fu nction as fo l lows:
where J is the estimated function, i.e. the calculated palaeosec ular variation curve. E is the matrix containing the basis of cu bic B-splines (El is the transpose of E). C is the data error covariance matrix and y is the vector of input data (declina tion or inclination data). The matrix & is the penalty function which de :e ends on the second time derivative of the estimated function f with damping parameter A. A total of 2000 individ ual declination and inclination curves were obtained following this procedure. The final directional PSVC was generated using the mean value provided from the average of the 2000 curves and their standard deviations ( Fig. SB and Supplementary Ta  ble 1 ).
The master curve is well constrained between 6000 and 3S00 BC (Fig. SB) . Inclination values of about 65° are observed for the oldest data, fo llowed by a progressive decrease, reaching a mini mum ("-'45°) around 4200 BC Declination values vary fr om -20° -6000 -5500 -5000 -4500 -4000 -3500 -300 0 -2500 -2000 -1500 -1 000 Time (yr) Ag. 9. Dating resolution in years corresponding to the first European directional master secular variation curve for the period 6000 to 1000 yr BC.
to 20° between 6000 and 5000 BC, migrating westward up to val ues of -10° around 4000 BC There is a gap of data between 3400 and 3S00 BC The curve is again well-defined between 3300 and 2300 BC, fo llowed by a period of lower data density that is poorly represen ted. Fig. SC illustrates the comparison of the new master curve and the curves predicted by the models (Korte et al., 2011; Pav6n-Carrasco et al., 201 0) . The new curve is contained within the error margin of the synthetic curves provided by the models but it is better defined (lower errors) and indicates a higher fre quency in the directional variation of the geomagnetic field for the 6000-2000 BC time period than previously suspected. These varia tions are similar to those observed for the last 3000 yr, the period with the highest density of archaeomagnetic data.
The new master curves can be used as a tool for archaeo magnetic dating fr om 6000 to 1000 BC. To that aim, it has been included into the PSVC database of the archaeo_dating tool software (Pav6n-Carrasco et al., 201 1 ) and it is available at http://earthref.org/ERDAjll34/. The resolution of an archaeomag netic date using the master curve depends on time due to the scattering of the data and the directional behaviour of the geomag netic field itself. To quantify this variation on the resolution, we have dated synthetic mean values of the master curve fr om 6000 to 1000 BC, using the own master curve and the archaeo_dating software. The dating resolution of the curve (6000-1000 yr BC) is typically below ±200 yr and for certain parts of the curve it may reach ±30 yr (e.g. around 5500 BC) showing a clear correlation with the error of the master curve (Fig. 9) . As expected, the maxi mum resolution is reached in those time intervals with the lowest errors and, in contrast, those intervals less well-defined have less dating resolution. The main implication fr om the archaeological point of view is that this dating approach may reach similar pre cision as radiocarbon, although it is clear that still needs to cover some gaps (e.g. 3800-3200 BC).
This contribution will benefit diverse disciplines in Earth's Sci ences fr om geophysics (e.g. providing new data to model the ge ometry of geomagnetic field) to Archaeology (extending back-in time the archaeomagnetism as a dating method) or even also palaeoclimatology, since geomagnetic field models are necessary to correct production of cosmogenic isotopes. As long as more archaeomagnetic data will be compiled the resolution and chrono logical extension of this new curve will be certainly improved.
Conc lusions
The archeomagnetic and rock-magnetic study of anthropogenic cave sediments from three caves in Spain leads us to the fo llowing conclusions:
(1) 26 new archaeomagnetic directions ranging between "-' 5500 and 2000 yr BC have been obtained. These data represent the oldest archaeomagnetic directions obtained from burnt archaeo logical materials throughout all Western Europe.
(2) The remanence of the burnt fa cies studied is carried by PSD low-coercivity fe rromagnetic minerals (magnetite, magnetite with no significant isomorphous substitution and/or maghaemite). Rock magnetic exp eriments indicate a TRM origin of the magnetisation although a TCRM cannot be excluded in those burning fea tures where maghaemite has been occasionally identified.
(3) Several quality selection criteria have been established in order to identify anomalous archaeomagnetic behaviours (related with mechanical syn/post-depositional processes) and determine the reliability of these structures to obtain archaeomagnetic direc tions.
(4) A first European archaeomagnetic PSV curve for the Ne olithic is proposed using these new data and the recent updated archaeomagnetic Bulgarian database. This new curve defines the directional variations of the geomagnetic field with better resolu tion than sedimentary records. Its dating resolution oscillates from approximately ±30 yr to ±2oo yr for the period 6000 to 1000 yr BC, having for the moment similar resolution as radiocarbon dat ing.
Finally, the wide distribution of anthropogenic cave sediments throughout the Mediterranean area will help to cover geographi cal gaps in the archaeomagnetic database. Furthermore, being part of continuous, in situ, generally well-dated stratigraphic sequences is possible to obtain a largely continuous set of data fr om the same site. More importantly, they are particularly interesting be cause they span older ages than other materials traditionally used in archaeomagnetism. Although still few to define a secular varia tion pattern in detail, this study opens new promising perspectives to extend temporally regional secular variation records and to ex tend back in time the archaeomagnetic dating tool.
